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SELF-ORGANIZED PIN-TYPE 
NANOSTRUCTURES, AND PRODUCTION 

THEREOF ON SILICON 

FIELD OF THE INVENTION 

The invention generally relates to the fabrication of pat 
terned or structured silicon surfaces and in particular relates 
to the creation of pin-type structures having nano dimensions 
in the range beloW, for instance, the Wavelength of visible 
light, Wherein hereinafter these structures are referred to as 
nanostructures. 

RELATED ART 

Many electronic, opto-electronic, sensoric and microme 
chanical devices comprise silicon as a component in doped 
and/ or undoped, crystalline and/or polycrystalline and/or 
amorphous state. In order to meet the corresponding device 
speci?c requirements the silicon has therefore usually to be 
processed accordingly, Which frequently involves a pattem 
ing of the silicon. 

For the patterning of silicon usually a mask of photoresist 
is generated, by means of Which the removal is controlled by 
an etch process, for example WO-A 2005/ 045941 . In order to 
generate small structures or patterns by means of a resist mask 
the photoresist has to be exposed by an exposure mask having 
corresponding small structures. In the range beloW the usual 
light Wavelengths that are available for the exposure of the 
photoresist, this is possible With increased effort only. HoW 
ever, frequently patterns having features or structural ele 
ments With high aspect ratio are required, i.e. the depth or 
height of the structural elements is small compared to their 
lateral dimensions. When, for instance, recesses and thus also 
protrusions having nano dimensions are required on a silicon 
surface based on an aspect ratio of 2 (tWo), a local material 
removal has to be performed that results in a recess of for 
example 200 nm at a lateral extension of 100 nm. In an etch 
process on the basis of a photoresist mask the mask has also 
to be manufactured With comparable dimensions and has also 
to exhibit the required etch selectivity so as to also obtain the 
desired aspect ratio during the subsequent silicon etch pro 
cess. Alternatively, highly resolving masks may also be Writ 
ten by means of an electron beam (e-beam). 

These approaches are very ?exible but are also complex 
and expensive. Therefore, there are continuous efforts in ?nd 
ing alternative solutions that may also alloW the patterning 
Within the range of nanometers. Hereby are included: 

Anistropic Wet Chemical Etching, cf. P. M. M. C. Bressers, 
J. J. Kelly et al. J. Electrochem Soc., Vol. 143 (5) 1744 
(1 996), 

Interference Lithography, cf. S. J . Wilson and M. C. Nutley, 
Optica Acta, Vol. 29 (7), 993 (1982)), Micromasking, or 
WO-A 0213279. 

For example, Defects in Material, cf. MasakaZu Kanechia 
et al., J. Vac. Sei. Technol. B 20(5), 1843 (2002)), not 
fully covered layers, cf. H. W. Deckman and J. H. Dun 
smuir, Appl. Phys. Lett. 41 (4), 377 (1982) and self 
organisation effects Were used, cf. R. M. Bradley, J. M. 
E. Harper, J. Vac Sei. Technol. A6, 2390 (1988), G. 
Ehrlich and F. G. Hudda, J. Chem. Phys. 44, 1039 
(1 966). 

For all mentioned techniques it is common that high aspect 
ratios of the nanostructures are not achieved, in particular 
When a loW defect density is desired. In the above cases, the 
nanostructure typically has an increased contamination den 
sity and/or an increased number of crystal faults after fabri 
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2 
cation, When initially a single-crystalline silicon having a loW 
crystal fault density Was provided. Therefore, these knoWn 
techniques are usable in a restricted manner or With inferior 
results With respect to the overall performance of the device. 
In some of these conventional techniques also plasma assisted 
techniques With reactive ions, also knoWn as RIE technique, 
on the basis of SP6 (sulphur hexa?uoride) and oxygen Were 
used for the micro patterning by using the self-organization so 
as to create patterned silicon surfaces, Wherein, hoWever, 
metal particles provide for the micromasking and thus for the 
formation of the structure, cf. WO-A 02/13279, U.S. Pat. Nos. 
6,091,021, 6,329,296. 
A signi?cant disadvantage of this technique is the usage of 

metals in the plasma, Which may result in an undesired con 
tamination of the silicon. The disadvantageous in?uences of 
even minute metal traces in the semiconductor manufacturing 
process, in particular for integrated circuits, are Well knoWn. 
In addition to the contamination effect of the RIE tool due to 
addition of metals also the additional effort of these tech 
niques in vieW of an application in manufacturing processes 
requiring high yield and reduced production cost is to be 
considered as a disadvantage. 

SUMMARY OF THE INVENTION 

It is an object of the invention to provide structures on 
silicon surfaces so as to have a high aspect ratio and nano 
dimensions, Wherein an effort for a dedicated masking is to be 
avoided or at least to be reduced and Wherein an enhanced 
behavior With respect to crystal faults and chemical surface 
contaminations is to be obtained compared to conventional 
techniques, Wherein also a high degree of compatibility With 
further manufacturing processes should be obtained. 

According to one aspect of the invention the object is 
solved by a method for fabricating a patterned silicon surface, 
as is described in claim 1. For this purpose, a reactive plasma 
atmosphere including at most tWo different gas components 
including oxygen and a reactive gas for etching silicon is 
established by adjusting process parameters that create a self 
masking effect for generating a nanostructure. The etch pro 
cess is performed Without any further Working gases and is 
performed as a single step process. 

After establishing the plasma atmosphere the silicon sur 
face is exposed to the etch plasma Without performing further 
process steps, in particular no further measures are required 
so as to obtain a speci?c micromasking of the silicon surface. 
On the other hand, practically a “defect-free state” is achieved 
in the sense that defects may not be added by the reactive 
plasma. Crystalline stacking faults are avoided. These are 
structural features of the silicon structure obtained. For this 
structure the aspect ratio of the pin-type structures obtained in 
the reactive plasma atmosphere is adjusted to a value of 4 or 
higher by controlling the process time. 

Thus, according to the invention a masking of the silicon 
surface, for instance by photoresist or other substances, such 
as aluminum, gold, titanium, polymers, Water or possible 
surface contaminations and the like may be avoided. 
The pin-type structures created by the inventive method 

have a highly appropriate shape for optical applications in the 
range of the visible light and also in the infrared range. That 
is, the shape of the pin-type structures created by the self 
organiZed masking during the etch process additionally 
exhibits a “pyramid-like” shape in addition to an aspect ratio 
of greater than 4, Wherein a very sharply tapering pin end or 
tip is obtained, While at the foot of the shape terminating in a 
pyramid-like manner a moderately terminating portion is 
obtained in the upper portion, Which bottoms out in a shalloW 
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manner. The lateral dimensions signi?cantly increase at the 
foot. Between the pyramid-like structures having a pin-type 
tip, as described above, a signi?cant distance, at least 50 nm, 
remains such that, despite a high density of pins, pins that are 
positioned too densely are avoided. Pins With too high a 
density Would merge into a larger component and Would stop 
the etch process at this location. 

The shapes speci?ed by the descriptions are not individu 
ally identical, but on average and in a statistical distribution 
these shapes appear regular and each of the shapes is indi 
vidually precisely distinguished. Their density distribution 
nevertheless amounts to approximately 50 “pyramid-like 
pins” per square micrometer, that is, at least signi?cantly 
beloW 100 pins per um2, With a height of the pyramid-like 
pins of higher than 400 nm, in particular in the range of 500 
nm and for a comparable depth of a spacing betWeen the 
pyramid-like pins. BetWeen neighboring ones of such pins the 
spacing having a Width of at least 50 nm is maintained, Which 
converges only at the foot of the pyramid-like shape, Where 
the foot portion is moderately ?at and terminates in a quite 
shalloW manner. The pyramid should not be understood such 
that only four side faces are present; more side surfaces are 
also possible, up to a multi-sided pyramid shape and also up 
to an approximately round shape in the cross-section. 

In other Words, most of the regularly distributed pyramid 
like pins have a sharp pin or needle, While in the loWer 
adjacent height section a pyramid-like shape is provided and 
in the foot portion they laterally broaden While terminating in 
a relatively ?at manner, that is, deviating from a pyramid 
shape. 

These pyramid-like pins can be exposed to signi?cant 
mechanical stresses. At mo st, they are bent or smeared but not 
destroyed. Mechanical stresses of the folloWing type do not 
result in a destruction of the mechanical pin structure such 
that deleterious consequences With respect to the re?ectivity 
of the nanostructure including the pyramid-like pins are cre 
ated: 

uniform area-like pressure perpendicularly to the pins; 
AFM in contact mode; 
pro?lometer. 
A stylus of a pro?lometer exerts a pressure betWeen 0. l and 

10 mg on the sample to be measured (the nanosurface con 
taining the pyramid-like pins). The pro?lometer stylus is very 
sharp, While a diameter thereof hoWever rapidly increases so 
that upon moving on a measurement sample a recess of 5 um 
depth and With a Width of l um may not be precisely resolved 
in the measurement image. At a pressure of usually 5 mg and 
a movement of the pro?lometer stylus With a speed of up to 
100 um/sec on the nanostructure no disadvantageous in?u 
ence on the re?ection characteristics of the nanostructure Was 

observed, as Would be the case upon destruction of the pyra 
mid-type pin structure. 

In total, already for an average length or height of the 
structures of approximately 400 nm to 500 nm and beloW 
1000 nm a very ef?cient antire?ective behavior in the visible 
range and also up to 3000 nm or higher could be veri?ed. 

Moreover, this characteristic implicitly describes the struc 
tures of the “pyramid-like pins”. The (total) re?ectance is 
beloW 0.4% for a Wavelength range betWeen 400 nm and 
approximately 1000 nm (scattered and direct re?ection). In an 
extended range betWeen 180 nm and 3000 nm the (total) 
re?ectance is beloW 2% (practically only the scattered re?ec 
tance). The re?ectance is a physical characteristic of the 
nanostructure, Which is reproducible, measurable and com 
parable to other structures. 

Without intending to restrict the present invention to the 
folloWing explanation, investigations performed by the 
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4 
inventors indicate that the e?icient self-organiZed masking 
(as “self-masking”) is achieved by the etch process itself and 
not by already existing or speci?cally added substances. Cor 
responding investigations on the basis of Auger electron spec 
troscopy (ABS) and energy dispersion Xray spectroscopy 
(EDX) indicate that the masking effect is created by SIO,C so 
that a strong shielding effect is obtained by the locally formed 
silicon oxide. In total, this results in a moderately loW silicon 
consumption during the creation of the pin-type structures 
having the “pyramid-like shape” and having at the same time 
a high aspect ratio and an existing spacing so that the inven 
tive method may advantageously and e?iciently be employed 
in semiconductor fabrication in many ?elds at a high degree 
of process compatibility. 

Also, defects for a speci?c mask formation are not used. 
Instead of using a speci?c masking prior to an etch process 
therefore the previously described self-organiZed masking 
caused by the speci?c process conditions during the etch 
process is used instead. By combining the self-masking and 
the etching during the RIE process it is thus possible to create 
self-organiZed pyramid structures in the range of nanometers 
by the plasma. In this Way it is possible to convert a regular 
smooth silicon surface, from a statistical point of vieW, into an 
ordered pin structure in the nanometer range, that is, With 
lateral dimensions in the range beloW the standard light Wave 
length, for instance the Wavelength range of the visible light. 
Generally, in this manner, an excellent homogeneity of the 
re?ection behavior is obtained across the entire Wafer. 

Moreover, by a single etch step the preventive method 
alloWs to signi?cantly reduce or to substantially avoid, Within 
measurement tolerances, the number of contamination 
defects, Which may for instance be typically caused by etch 
byproducts, as Well crystal faults, Which are typically 
observed in conventional plasma assisted techniques. For 
example, such defects could not be observed by RHEED, CV 
measurements, TEM or PDSia consequence of the inven 
tive etch regime. Also a simple photodiode, for instance emit 
ting blue light, Whose surface Was processed by these tech 
niques did not exhibit any speci?cs that lead to an increased 
defect density. Thus, the nanostructure may be fabricated by 
a single plasma etch step With a quality that does not require 
a further material removal. 
The structures created by the method do not exhibit an edge 

shielding or shading at high edges. Hence, it is possible, for 
instance, to pattern areas of a feW micrometers, even if the 
area is laterally enclosed by a structure having a height of 5 
pm. 
The patterning of the silicon is achieved by the plasma in 

the RIE process. These structures are strongly deepened by 
the etch process, thereby resulting in the structures in the 
nanometer range having the enormous aspect ratios. 

In the dependent claims 2 to 11 further preferred embodi 
ments of the previously described methods are provided. 

In one embodiment the process is performed With a Work 
ing gas consisting of SP6 and 02. In this case the pin-type 
structures are formed With loW defect rate, that is, With a loW 
crystal fault density and loW surface contamination, irrespec 
tive of the crystallographic orientation of the silicon base 
surface, thereby providing a high degree of ?exibility for 
implementing the inventive method into corresponding 
manufacturing processes for silicon-containing devices. 

In other embodiments a different combination of Working 
gases including 02 as a component is used. For instance, 
carbon ?uoride in combinationWith oxygen as the second gas 
component may be used. Each of SP6 or one of the other 
reactive gases previously mentioned, is in addition to oxygen, 
the second of the tWo gas components and is in this case the 
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actual etch gas, whereas 02 increases the etch rate and causes 
the self-masking (passivation). Also, it provides for a high 
selectivity With respect to SiO2 regarding the etch behaviour 
such that an e?icient restriction of the silicon surface to be 
patterned is possible by means of a corresponding mask layer. 

The result obtained thereby has a nanostructure surface 
With reduced defects (claim 27, claim 33, claim 32). It has a 
height of the isolated pyramid-like pins above at least 400 nm 
and a spacing of at least 50 nm. The height is betWeen 400 nm 
and 1000 nm, as is described by the contraction factor of the 
image of the electron microscopy image (claim 33). The 
claim in the form of an image is provided due to the only 
restricted possibility for structurally describing the pyramid 
like pins and their neighborhood. As a comparison, it may be 
referred to the John Hancock Centre in Chicago, Which is 350 
m high, slightly pyramid-like and Which has a lateral exten 
sion at the foot (Without a shalloW relatively ?at termination) 
of approximately 85 m. This structure is formed in silicon 
With a shape reduced by a factor of 109 With high multiplicity 
placed side by side and is di?icult to be made visible and 
precisely to be described as scaled by presently available 
image-based techniques. This task is, on the one hand, not 
trivial, hoWever, on the other hand substantially ful?lled in 
that the effects of these structures are measured and demon 
strated. 
As described in further embodiments, the temperature of 

the silicon Wafer and the ratio of the Working gases are appro 
priately adjusted at the reaction point on the silicon surface. 

In one preferred embodiment the temperature of the silicon 
surface is set to 27° C., preferably inthe range of 15° C. Inthis 
manner, an e?icient adjustment of the further process param 
eters, such as the ?oW rates as speci?ed in the claims and in 
the folloWing description, may be accomplished since the 
temperature that typically represents a “sensitive” parameter, 
is determined in a very precise manner. 

Also the process pressure and the plasma poWer are appro 
priately adjusted to each other, as is also described in the 
dependant claims and supported by the folloWing description, 
in order to obtain the desired aspect ratio While concurrently 
providing a reduced contamination rate and a loW crystal fault 
density. 

In particular, by maintaining an oxygen component in the 
speci?ed manner the ratio of not more than tWo Working gases 
is adjusted such that the etch removal and the self-masking 
balance each other. In this manner, the patterning and the 
required defect-free state is ensured (no additional defects 
due to the etch regime). 

In the inventive method the ab solute parameter values may 
e?iciently be adapted to the fraction of the open (or exposed) 
silicon surface. When the Si surface is covered by a mask 
layer, for instance by oxide or silicon nitride, to a high area 
fraction, this may be balanced by at least increasing the reac 
tive gas fraction, for instance the fraction of SF6, in particular 
by increasing the SF6 fraction While concurrently reducing 
the oxygen content and simultaneously increasing the process 
pressure. 
By the previously described process it is possible to pro 

duce the claimed nanometer structure With a high and adjust 
able aspect ratio Within a short time period by means of a 
simple RIE tool having a parallel plate reactor. This may be 
accomplished in large areas With a targeted adaptation of the 
process parameters and is also possible in smallest areas so 
that individual devices, for instance sensor portions, optically 
active portions of opto-electronic devices and the like may 
speci?cally be provided With a corresponding nanostructure 
Without negatively in?uencing other device regions. Portions 
not to be patterned may readily be protected by, for instance, 
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6 
an oxide mask. Furthermore, due to the loW contamination 
rate and the loW crystal fault density an immediate further 
processing after the fabrication of the area-like nanostructure 
may be performed, Without requiring complex preparation 
and/or post-process processing. 
The above-mentioned object is solved according to a fur 

ther aspect by a method having the features of claim 12. 
The method comprises the creation of a reactive plasma 

atmosphere including oxygen and a reactive gas consisting of 
a mixture of HCl and BCl3 for etching silicon Without further 
process steps by adjusting process parameters, Which provide 
for a self-masking effect for creating a nanostructure having 
pin-type structures. Also in this case a self-organizing mask 
ing effect may be accomplished such that the previously 
described characteristics (or shapes) of the nanostructure are 
obtained. 

Further preferred embodiments are also de?ned in the 
associated dependent claims, Wherein the previously 
described effects may be obtained and in particular also pin 
type silicon structures having an aspect ratio of greater than 4 
may be fabricated. 

According to a further aspect the object is solved by a 
method according to claim 18 in Which the fabrication of 
silicon structures having an aspect ratio of 4:1 or higher in a 
single plasma etch step is described, Wherein the self-mask 
ing effect is obtained on the basis of oxygen and a reactive 
gas, for instance SF6 and Wherein concurrently the defect rate 
With respect to contamination and crystal faults is maintained 
loW. 

Further advantageous embodiments of this method are 
de?ned in the associated dependent claims. 

According to a further aspect of the invention an area-like 
extended nanostructure is provided Which comprises statisti 
cally distributed single-crystalline pin-type silicon structures 
formed on a single-crystalline silicon base layer, Wherein the 
aspect ratio of the pin-type silicon structures is 4 or higher, 
and Wherein the crystal fault density in the silicon structure is 
not higher than in the silicon base layer (claim 27). 
The nanostructure, Which thus comprises silicon structures 

having lateral dimensions that are typically beloW the Wave 
length of the visible light, may thus be used in an ef?cient 
manner as a layer in devices in Which a gradual variation of 
the index of refraction betWeen silicon and another material is 
desired. In this manner, the re?ection behaviour and/or the 
transmission behaviour of opto-electronic devices may sig 
ni?cantly be enhanced. Furthermore, a signi?cantly 
increased surface area may be obtained by the nanostructure, 
thereby resulting, for instance, in a signi?cant increased 
retention of substances in the vicinity of the nanostructure 
compared to substantially planar surfaces, Which may be 
taken advantage of in sensor applications. Due to the crystal 
fault density, Which is identical to that of the silicon base 
layer, the nanostructure may also e?iciently be used in appli 
cations in Which a high crystal quality is required for the 
further processing. 

In a further advantageous embodiment the silicon struc 
tures are ordered by a mask layer Wherein the silicon struc 
tures are formed up to (close to) the corresponding edge (edge 
?ank). In this manner the nanostructure may e?iciently be 
used as a WindoW of an opto-electronic device. In this case the 
mask layer may even have a thickness of several micrometers, 
for instance 5 um, such that e?icient passivation layers may 
be used in order to expose desired areas of a silicon base layer 
With respect to forming a nanostructure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention Will noW be explained on the basis of 
embodiments While also referring to the draWings. In the 
draWings 
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FIG. 1 is an electron microscope image of an RIE etched 
silicon surface in cross-section in a portion that is partially 
covered by an oxide layer, 

FIG. 2 is an electron microscope image of an obliquely 
incident electron beam, Wherein the homogeneity of the dis 
tribution of the silicon pins and the depth of the spacings 
betWeen the pins is visible, 

FIG. 3 is a TEM electron microscope image of the tip of a 
silicon pin in transmission mode at high resolution, 

FIG. 3a is FIG. 3 rotated such that [001] is perpendicular. 
FIG. 4a is an electron microscope image of FIG. 2 of an 

obliquely incident electron beam, Wherein the homogeneity 
of the distribution of the silicon pins and the depth of the 
spacings betWeen the pins is visible, here a left portion; 

FIG. 4b is an electron microscope image of FIG. 2 of an 
obliquely incident electron beam, Wherein the homogeneity 
of the distribution of the silicon pins and the depth of the 
spacings betWeen the pins is visible, here an intermediate 
portion; 

FIG. 40 is an electron microscope image of FIG. 2 of an 
obliquely incident electron beam, Wherein the homogeneity 
of the distribution of the silicon pins and the depth of the 
spacings betWeen the pins is visible, here a right portion; 

FIG. 5 is an electron microscope image of FIG. 2 of an 
obliquely incident electron beam, Wherein the homogeneity 
of the distribution of the silicon pins and the depth of the 
spacings betWeen the pins is visible, here a front portion; 

FIG. 6 is an electron microscope image of FIG. 2 of an 
obliquely incident electron beam, Wherein the homogeneity 
of the distribution of the silicon pins and the depth of the 
spacings betWeen the pins is visible, here complete. 

DETAILED DESCRIPTION 

FIG. 1 illustrates a silicon-containing device 1 having a 
nanostructure 2 Which comprises a single-crystalline silicon 
base layer 3 on Which pin-type silicon structures 4 are formed. 
In this application pin-type silicon structures are to be under 
stood as “pyramid-like” structures having a tip With lateral 
dimensions of a feW nanometers, Wherein the tip increases 
signi?cantly in its lateral dimensions toWards its bottom por 
tion so that in a loWer portion of the structure a lateral dimen 
sion of 10 nm or at least 100 nm is obtained. In this embodi 
ment the silicon base layer 3 is delineated by a mask layer 5, 
Which may be comprised of silicon dioxide, silicon nitride 
and the like, Wherein the pin-type silicon structures 4 are 
formed up to an edge area 511 of the mask layer 5. In the 
embodiment shoWn the silicon base layer 3 is a part of a 
silicon Wafer With a diameter of 6 inches and With a (100) 
surface orientation having a p-type doping that results in a 
speci?c resistivity of 10 Ohm*cm. 
As is explained above, the base layer 3 may hoWever have 

an arbitrary crystal orientation With any appropriate pre-dop 
ing. In alternative samples the base layer 3 may be made of 
substantially amorphous or polycrystalline silicon. 

FIG. 2 illustrates an enlarged portion of the nanostructure 2 
Wherein the angle of incidence of the probing electron beam 
has a tilt angle of approximately 17° in order to more clearly 
demonstrate the siZe ratios in the lateral direction and in the 
height or thickness direction of the pyramid-like structures 4. 
As is evident from FIGS. 1 and 2, the silicon structures 4 have 
a height that is on average approximately 1000 nm so that in 
some embodiments a height is obtained that is greater than the 
Wavelength of the visible light. In the scale of 2 um 10 scale 
fractions are plotted in FIG. 2. In FIG. 1 there are 500 nm per 
scale unit. 
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8 
Due to the tilted electron beam of 17° the height in FIG. 2 

illustrated as a measure of 603 nm is to be recalculated into 
the real height. Also the height extension may be recalculated 
up to 60% for the loWer pyramid-like pins, Which have their 
effects beginning at approximately 400 nm. This may be 
achieved by contracting FIG. 2 in the height direction by 40% 
of the illustrated height. 

HoWever, also pyramid-like structures 4 having an average 
height in the range of 400 nm exhibit excellent optical char 
acteristics in many applications. For instance, for an average 
height of 400 nm an excellent antire?ective behaviour could 
be observed in the visible Wavelength range up to 3000 nm. 
As is evident from FIG. 1, a maximum average height of 

the silicon structures 4 may also be at approximately 1000 
nm. 

On the other hand FIGS. 1 and 2 illustrate that the lateral 
dimension of the silicon structures (at the bottom or foot) is 
typically less than 100 nm or signi?cantly less so that on 
average an aspect ratio of height to lateral dimension of 4 or 
even higher is obtained. 
The results shoWn in FIGS. 1 and 2 that relate to a 6 ins 

(100) Si Wafer having a p-type doping, a 10 Ohm*cm resis 
tivity and an area fraction of the oxide mask of greater than 
90% (up to substantially 93%) Were achieved in a single step 
plasma etch process in a tool comprising a parallel plate 
reactor of the type STS 320 on the basis of the folloWing 
parameters: 
SF6i gas ?oW rate: 100 sccm 
Ozi gas ?oW rate: 20 sccm 
Gas pressure: 70 mTorr 
Temperature of the silicon Wafer: 27° Celsius 
Plasma poWer: 100 W 
Self-adjusting BIAS (that is, the DC voltage potential 

betWeen the plasma atmosphere and the surface to be etched): 
varies at about 350 V (is self-adjusting) 

Etch time: 2 minutes 
In alternative examples comparable results Were obtained 

for the nano patterned surface. Initial parameters and process 
parameters are given beloW. 

For an area fraction of0. 1% silicon and 99.9% oxide mask 
the folloWing parameters Were used. 

150 sccm SF6 
20 sccm O2 
91 mTorr 
270 C. 
100 Watt 
Bias 28 V 
4 mins etch time (process time) 
For a 100% silicon surface, that is, a bare silicon Wafer 
65 sccm SF6 
23 sccm O2 
50 mTorr 
270 C. 
100 Watt 
10 to 20 minutes etch time (process time) 
For bare silicon Wafers even a process time of up to 20 

minutes is reasonable. In this case, an extremely high quality 
antire?ective behaviour of the surface comprising the nano 
patterned surface is obtained. 

In other embodiments gas ?oW rates betWeen 50 to 150 
sccm for the reactive gas, that is, for SP6, CnFm or HCl/BCl3 
Were used. Gas ?oW rates from 20 to 200 sccm are used for 
oxygen. Moreover, in some embodiments the temperature of 
the substrate and thus of the base layer 3 is adjusted to a range 
of27o C15o C. 
The 6 ins (inch) Wafer rested on an 8 ins Wafer in the tool 

RIE STS 320 and also adjacent to the 8 ins Wafer the plasma 
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may be effective. A power density can be given only in ?rst 
approximation of an estimation. The plasma poWer may be 
adjusted in the range of 100 W to 300 W, Which corresponds 
to a poWer density of approximately 4 W/cm2 to 12 W/cm2 for 
a 6 ins Wafer. 
From the above information corresponding parameter val 

ues for other etch tools and other degrees of coverage of the 
silicon base layer 3 to be patterned With the pyramid-like 
structures may be obtained. For example, a reduced degree of 
coverage of the silicon base layer may be taken into consid 
eration by a reduced gas ?oW rate of the reactive gas. 

If there is no mask provided, the reactive gas fraction may 
be less and vice versa. 

Generally, based on the above settings the Si pins 4 having 
a height of approximately 1000 nm Were obtained in statisti 
cal distribution in areas not covered by the mask layer 5. 

Silicon oxide or silicon nitride is appropriate for the mask 
layer 5. 

Processed Wafers having the same structures (Without 
oxide mask) became completely black and shoWed a re?ec 
tance of less than 0.4% for the Wavelength range from 400 nm 
to 1000 nm While at the same time exhibiting excellent homo 
geneity of this characteristic across the entire Wafer. In par 
ticular, for a Wavelength range extending beyond the above 
values at both directions betWeen 180 nm to 3000 nm of 
Wavelength the investigations exhibited still an excellent anti 
re?ective behaviour With a re?ectance beloW 2%. In this case, 
the re?ectance related (practically exclusively) to the re?ec 
tions into the entire solid angle. 

Furthermore, any crystal damage as Well as any contami 
nation that may be caused by the plasma assisted single step 
patterning process are very loW and are beloW detectability in 
the illustrated embodiments. Any residual substances after 
the plasma patterning process Were not detectable and the 
crystal quality of the silicon structures is nearly identical to 
the crystal quality of the silicon base layer prior to the etch 
process. 
As is evident from FIG. 3, the pin sections of the pyramid 

like pins are approximately atomically sharp at their end or tip 
4a. The lateral dimensions of the tip 411 are a feW nm. More 
over, the individual crystallographic planes (111) of the 
single crystalline pin section are clearly visible, While any 
crystal faults caused by the etch process are not observable. 

FIG. 3 illustrates a single tip 411 or an end portion of the tip 
411 of a pyramid-like pin 4. As is clearly evident, the pins are 
nearly atomically sharp at their tips 4a, that is, the lateral 
dimensions of the tip 411 are a feW nanometers and thus are 
less than 10 nm. In the illustration of FIG. 3 the crystallo 
graphic direction perpendicular to the surface of the silicon 
base layer 3 is indicated. This direction corresponds to a [001] 
direction since for the embodiment shoWn the surface orien 
tation is a (100) orientation. As is evident the end portion 
including the tip 411 extends substantially along the [001] 
direction With only a minimal deviation of less than 100 so 
that the structural elements are oriented nearly perpendicu 
larly With feW degrees of deviation With respect to the normal 
of the surface of the base layer 3. 

FIG. 3a is oriented properly along the [001] direction. 
Based on FIGS. 3, 311 also the inclination of the sideWall of a 
pyramid-like pin may coarsely be determined. It is approxi 
mately 40 With respect to the normal [001]. 

Within the individual crystallographic planes the single 
crystalline pins do not exhibit any crystal faults caused by the 
etch process. In the con?guration of the base layer shoWn the 
visible crystallographic planes correspond to (111) planes. 
Due to the strongly patterned surface after the process the 

surface area is signi?cantly increased, thereby also signi? 
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10 
cantly changing the characteristics. The increased surface 
area provides a much greater area of attack for adhering 
molecules and therefore the sensitivity of sensors may sig 
ni?cantly be increased. 
As an example, it has been determined that gases may stay 

localiZed for a long time in the structure. In the optical ?eld 
the pyramid-like structures 4 are interesting in that their lat 
eral siZes are less than the light Wavelength (V IS/NIR) and 
due to their pin-type shape, i.e. the reduced lateral dimension 
of the tip 411 and the moderately great dimension at the foot of 
the pyramid-like structure and due to the high aspect ratio a 
substantially perfect gradient layer is provided. The index of 
refraction changes gradually from the index of refraction of 
the silicon to the index of refraction of the medium surround 
ing the nanostructure 2, such as air. 

Hence, the nanostructure 2 alloWs an impedance adapta 
tion or an adaptation of the index of refraction, thereby result 
ing in an excellent broadband suppression of re?ections. Fur 
thermore, it is knoWn that strong curvatures, as is the case for 
the pin tips 4a, are particularly suited for ?eld emission. 

Thus, a broad ?eld of applications is obtained for the nano 
structure 4 in many micro devices and also in other ?elds, 
such as solar cells, sensors and the like. 
The embodiments thus provide methods and structures in 

Which silicon structures having a high and adjustable aspect 
ratio are provided, Wherein due to the (speci?c) parameter 
setting in the self-masking plasma etch process in a single 
etch step a contamination and the creation of plasma induced 
crystal faults is maintained at a loW level such that the result 
ing structure may be immediately used further at loW effort 
for the single step patterning process and Without requiring 
any further post process steps, When pin-type silicon struc 
tures of high quality single crystalline form are required. 

Furthermore, no additional complex surface preparations 
or additional measures for creating a micromasking are 
required. A preconditioning may be omitted. 
By means of an RIE standard etch procedure for silicon a 

plurality of pin-type structures substantially Without crystal 
faults, among others, With a high aspect ratio and With nano 
dimensions is obtained at the surface of a silicon Wafer With 
out any additional patterning measures (e-beam, interference 
lithography and the like) by means of self-organization, 
thereby obtaining, among others, a broadband antire?ective 
behaviour. A plurality of applications is possible. 

The invention claimed is: 
1. A method for fabricating a patterned silicon surface, 

Wherein the method comprises: 
establishing a reactive plasma atmosphere on the basis of at 

most tWo different gas components comprising oxygen 
and a reactive gas for etching silicon Without an inter 
mediate step and Without using metals in said atmo 
sphere by adjusting process parameters Which provide a 
self-masking effect for generating a nanostructure 
including pin-type structures; and 

adjusting an aspect ratio of pin-type structures developing 
in the plasma atmosphere to a value of 4 or greater by 
controlling a process time of the exposure to the plasma 
atmosphere. 

2. The method of claim 1, Wherein a pressure in the plasma 
atmosphere is adjusted to less than essentially 300 mTorr. 

3. The method of claim 1, Wherein a temperature of the 
silicon surface is adjusted to 27° C.:5° C. 

4. The method of claim 3, Wherein a plasma poWer supplied 
to the plasma atmosphere is adjustedbetWeen 4 W/cm2 and 12 
W/cm2 for a plane-like supported Wafer having a silicon base 
layer. 
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5. The method of claim 1, wherein a gas ?oW rate of the 
reactive gas of the plasma atmosphere is adjusted to 50 seem 
to approximately 150 sccm. 

6. The method of claim 1, Wherein a gas ?oW rate of oxygen 
is adjusted to 20 seem to 200 seem. 

7. The method of claim 1, Wherein the reactive gas is sulfur 
hexa?uoride (SP6). 

8. The method of claim 1, Wherein the reactive gas is 
carbon ?uoride gas (CnFm). 

9. The method of claim 1, further comprising restricting the 
formation of the pin-type structures by providing a mask that 
exposes a de?ned region of the silicon surface for exposure to 
the plasma atmosphere. 

10. The method of claim 1, Wherein the pin-type structures 
are used Without any further reactive etch or cleaning process 
for completing a silicon-based device. 

11. The method of claim 1, Wherein an average height of 
the pin-type structures is greater than substantially 400 nm, 
Wherein the pin-type structures are pyramid-like and have 
loWer portions, the lateral dimensions of Which signi?cantly 
increase. 

12. A method for fabricating a patterned silicon surface, 
Wherein the method comprises: 

establishing a reactive plasma atmosphere using oxygen 
and a hydrogen chlorine (HCl) and boron chlorine 
(BCl3) mixture for etching silicon Without an interme 
diate step, Without using metals in said atmosphere and 
Without supplying further gas components, said etching 
performed by adjusted process parameters that provide 
for a self-masking effect to generate a nanostrueture 
having pin-type structures, and 

controlling the process time to adjust an aspect ratio of the 
pin-type structures self developing in the plasma atmo 
sphere of said oxygen, hydrogen chlorine (HCl) and 
boron chlorine (BCl3) mixture to a value of at least four. 

13. The method of claim 12, Wherein the pressure in the 
plasma atmosphere is adjusted to less than 300 mTorr. 

14. The method of claim 12, Wherein a temperature of the 
silicon surface is adjusted to 27° C.:5° and a plasma poWer 
supplied to the plasma atmosphere is adjusted betWeen 4 
W/cm2 and 12 W/cm2. 

15. The method of claim 12, further comprising restricting 
the formation of the pin-type structure by providing a mask 
that exposes a de?ned region of the silicon surface for expo 
sure to the plasma atmosphere. 

16. The method of claim 12, Wherein the pin-type struc 
tures are used Without any further reactive etch or cleaning 
process for completing a silicon-based device. 

17. The method of claim 12, Wherein an average height of 
the pin-type structures is greater than 400 nm. 

18. A method for fabricating pin-type structures having 
nanometer dimensions and an aspect ratio of greater than 4: l 
on a silicon surface by a reactive ion etch process (RIE) While 
avoiding additional crystal faults and surface contaminations 
by using the Work gases oxygen and only one of the folloWing 
reactive components: 

SP6, (HCl/BCl3 and C”, Fm, 
in a single process step, Wherein no additional metals in 

said atmosphere for a speci?ed mask formation are used 
and the process parameters are adjusted such that the 
oxygen exhibits a self-masking effect on the silicon sur 
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face during reaction providing self-organization of the 
developing pin-type structures. 

19. The method of claim 18, Wherein one of a Wafer sup 
porting the silicon surface and a body supporting a silicon 
layer are maintained at a substantially constant temperature 
of 270 C.:5° C., during the process With a plasma poWer of 
approximately 100 to 300 W. 

20. The method of claim 18, Wherein the gas ?oW rates are 
tool dependent and are betWeen 50 sccm and 150 sccm for the 
gas SP6 and are betWeen 20 sccm and 200 sccm for oxygen. 

21. The method of claim 18, Wherein the process time is 
several minutes. 

22. The method of claim 18, Wherein the Work gases are 
HCl/BCl3 and O2. 

23. The method of claim 18, Wherein the Work gases are 
CnFm and O2. 

24. The method of claim 18, Wherein the Work gases are 
SP6 and O2. 

25. The method of claim 18, Wherein the formation of the 
pin-type structures is restricted to de?ned regions by pattem 
ing a mask material that is previously applied. 

26. The method of claim 25, Wherein the mask material 
comprises at least one of silicon dioxide and silicon nitride. 

27. A nanostrueture comprising a single crystalline silicon 
base layer, and further comprising a plurality of statistically 
distributed pin-type single crystalline silicon structures hav 
ing an aspect ratio of 4 or greater, Wherein a crystal fault 
density in the silicon base layer is equal to a crystal fault 
density in the silicon structures and Wherein most of the 
pin-type structures have a tip and are con?gured broader 
toWards the silicon base layer resembling a pyramid shape 
With deep spacings betWeen neighbouring pyramid-like sili 
con structures and Wherein a foot portion terminates in a 
relatively shalloW manner, and less than 100 pins are provided 
per um2 and Wherein the needles are mostly individually 
sharply distinguished, Wherein the pins in the nanostrueture 
have a re?ectance of less than 0.4% at a Wavelength of an 
incident light betWeen 400 nm and 1000 nm and for a mea 
surement of the re?ectance across the total solid angle. 

28. The nanostrueture of claim 27, further comprising a 
mask layer delineating the silicon base layer, Wherein the 
pin-type silicon structures are formed up to the edges or ?anks 
formed by the mask layer. 

29. The nanostrueture of claim 28, Wherein the mask layer 
has a thickness of several micrometers. 

30. The nanostrueture of claim 28, Wherein substantially 
no edge shadoWing is created such that the pin-type structures 
extend closer to an edge of the mask layer than half of a height 
of the mask layer. 

31. The method of claim 1, Wherein the fabricating method 
advances in a self-organiZed process. 

32. The method of claim 1, Wherein a deep spacing having 
a Width of at least 50 nm is provided betWeen neighboring 
pins. 

33. The method of claim 1, Wherein the pins in the nano 
structure are not destroyed When exposed to signi?cant 
mechanical stress. 

34. The method of claim 21, Wherein the process time is 
between 10 minutes and 20 minutes, for a bare silicon Wafer. 

* * * * * 


